INTRODUCTION
For a long time, deoxyribonucleic acid has been recognized as the principal target of ionizing radiations in living cells. Comprehensive approaches towards molecular events concerning this biopolymer have been achieved taking advantage of the knowl edge of radiolytic decomposition of nucleic acid components in aqueous solution." Studies on radiolysis of the components of DNA must be performed prior to the radiolysis of macromolecular DNA, because the radiolysis products from DNA are formed only very little so that their nature should be identified by comparison with the authentic substances which have been found in studies on components.
Recently, Cerutti et al.," Teoule et al." identified thymine as a radiolysis product of Escherichia colt DNA.
In this paper, the identification and the measurement of the radiolysis products resulting from the cleavage of the N-glycosidic bond are described.
MATERIALS AND METHODS
1. Obtention of the cytosine 14C-2 labelled DNA of E. coil Radioactive DNA used in these experiments was obtained from E. colt 15 T-A-U-. The bacterial culture was made in the M 63 medium" supplemented with thymine (1 g), arginine (1 g) and uracil (100 mg). The DNA was labelled by growing bacteria in the medium containing uracil-2-14C (CEA-Saclay-France, 45 mCi/mM, 2 mCi/10 1), for fifteen hours after the beginning of incubation.
They were carefully washed with NaC1-EDTA buffer (pH 8)5' and centrifuged in a Sharpless centrifuge (40.103 r. p. m.) Twenty five grams of cells (wet weight) were harvested.
DNA was extracted from the bacterial pellet using the Marmur's method.')
The averaged yield of labelled DNA was about 25 mg.
Irradiation of 14C-labelled DNA
After precipitation by isopropylic alcohol, DNA was dried by increasing concen tration of ethanol in water and weighed. Particular care was taken to eliminate autoradiolysis products of the base moiety by submitting the DNA to four hours dialysis against water (or phosphate buffer 10-2 M, pH 7) just before irradiation. A 500 micrograms/ml solution of DNA in water (or phosphate buffer when specified) was irradiated by cobalt 60 gamma rays with continuous air bubbling in a swimming pool type irradiator in the temperature range of 10-15°C. Dosimetry was performed by the EPR method.'' 3. Extraction, chromatography and identification of radiolysis products of the cytosine moiety of DNA 3.1. Extraction
Just after being irradiated the DNA solution was evaporated under vacuum by slight heating (t° <30°C). Once dried, radiolysis products were extracted with methanol (analytical grade) to minimize the carrying of salts and polar products such as nucle otides or oligonucleotides.
Chromatography
The methanolic extract was chromatographied on silica gel plates ( This primitive method needed to be carefully verified by co-chromatography with an authentic sample obtained by chemical synthesis. Definitive identification was obtained by applying specific microreactions on the radiolysis products extracted from the chromatographic plate and mixed with a suffi cient amount of an authentic sample in order to improve the sensitivity of chemical reaction."
Ultraviolet absorbing products such as cytosine, uracil, isobarbituric acid, 6-hydroxy-cytosine were purchased from FLUKA and SIGMA. 5-hydroxy-cytosine was synthesized according to Moschel and Behrman.8' Cis 5, 6-dihydroxy-5, 6-dihydrouracil was prepared by permanganate oxidation of uracil.9' The trans form was obtained by spontaneous isomerization of the cis form. 5-hydroxy hydantoin was prepared by the sodium borohydride reduction of parabanic acid."' Trans 1-carbamoyl-4, 5-imidazolidinone-diol was extracted from an irradiated and aerated aqueous solution of cytosine 2.10-'M (Cobalt 60-16h-12'C-10,000
Rads/mn). After descending chromatography on Whatman 3 MM paper with solvent B and subsequent elution with a methanol-water mixture (v/v) this radiolysis product crystallized after evaporation of the methanolic extract. End-radiolysis products such as acyclic ureides, biuret, formylurea, and urea were purchased from FLUKA, ALRICH and MERCK.
3.4. Quantitative analysis Radiolysis products released from irradiated DNA were extracted with methanol (analytical grade) and submitted to chromatography.
After localization of radioactive spots on chromatograms with a Kodak emulsion (Kodirex), silica gel was scraped off the plate and eluted overnight with water (2 ml). Radioactivity was measured in a TRICARB counter (Packard Instruments)."
RESULTS AND DISCUSSION
1 Identification of the radiolytic products provided by the N-glycosidic rupture
Cytosine
In agreement with Ekert and Monier',12' we can see that deamination is not the major way of degradation of cytosine in a gamma-irradiated and aerated aqueous solution.
The same result was obtained for DNA in this paper.") Cytosine was the main radiolysis product.
It was identified unambiguously thanks to its fluorescence at 254 mp and co-chromatography with an authentic sample. 5-hydroxy-cytosine, isobarbituric acid and deoxycytidine were not observed. Only traces of uracil were found as a radiolysis product. The mutagenic transition cytosine-uracil usually obtained by chemical means, could only be possible if cytosine hydrates were produced on DNA with subsequent deamination.14'
Water addition is one of the main reactions on pyrimidine bases after ultraviolet irradiation but it is considered of minor importance in gamma irradiation of aerated aqueous solutions of pyrimidine bases (i.e. thymine).IJ' 5, 6 dihydro-5, 6-dihydroxy uracil Deamination occurs after decoupling of the 5, 6 double bond caused by the attack of hydroxy radical leading to uracil " glycols ". Trans 5, 6-dihydro-5, 6-dihydroxy uracil was quantitatively the second most important product of cytosine radiolysis.l" Its relative chemical stability explains the absence of isobarbituric acid which was obtained by the well known dehydration reaction in acid medium."
The identification of trans uracil glycol was achieved by co-chromatography with an synthesized authentic product. Its Rf value was clearly different from that of the cis form."
After mild alkaline hydrolysis (NaOH (N), 40°C, overnight) the glycol gave rise to urea which was easily identified by spraying of the FINK's reagent's'
Trans-1 carbamoyl imidazolidinone 4, 5 diol This material has not been found as a radiolysis product arising from irradiated DNA-cytosine.
In preceeding studies,"" this diol was recognized as the major product obtained by radiolysis of gamma irradiation of aerated aqueous solution.
Its chromato graphic position was unambiguously different from that of the other radiolysis products. Under mild alkaline hydrolysis (NaOH (N), 40°C, overnight) it gave only biuret.
This reaction allowed us to distinguish this diol from uracil glycol, which gave urea in the same hydrolysis conditions.
Influence of buffer and denaturation on the yield and nature of radiolysis products In the earlier experiments, water solution was preferred to phosphate buffer solu tion to minimize effects of salts which may act as radical scavengers:
The counter part of this choice was the denaturing effect of water on the double helical structure of DNA."' In order to evaluate this influence, irradiation of a heat denatured DNA were carried out. Before irradiation, denaturation was performed by heating the DNA solution at 100°C for ten minutes and rapidly cooling in ice water at 0°C. The radiolysis products released after denaturation and irradiation were identical to those obtained in distilled water without denaturation.
However, uracil appeared in noticeable amounts, but if was also observed in the corresponding control. Uracil was produced by heat-induced deamination20' according to the hydrolytic mechanisms.") When DNA was irradiated in a phosphate buffer (10-'M, pH 7) , a potent protective effect was noted.
Acyclic ureides : biuret-formylurea-urea
These products were obtained in trace amounts only after irradiation with high doses (up to 500 Kilorads).
2 Quantitative aspects of the gamma-radiolysis of DNA-cytosine
The most striking feature was the base release. Cytosine accounted for nearly 100 per cent of the radiolysis products released from DNA as can be seen in the dose-effect curve extrapolated to 0 rad (Fig. 1) . The relative amount of the trans uracil glycol increased against the dose applied (Fig. 2) .
Mechanism of radioproducts release
In preceding experiments,") it was demonstrated that the decoupling of the 5,6 double bond labilized the N-glycosidic linkage, making the release of modified base residues easier.
In a gamma-irradiated DNA, two mechanisms are possible. The first one, leading to the base release, implies a radical attack on the sugar moiety. This hypothesis was strengthened by Hems"' and more recently by the ESR studies of Hampton and Alexander 24) and Krilov and Herak25' who identified free radicals located on the sugar of irradiated cytidine and deoxycytidine-5'-monophosphate. The second one, leading to the release of modified cytosine residue such as uracil glycols needs two radical attacks both on base and sugar moieties. Ward 211 using 5'-deoxycytidine monophosphate as DNA model found inorganic phosphate and sugar modified on 5'deoxycytidine in the irradiated medium. It is well recognized that only 10 to 20% of hydroxy radicals react with deoxyribose abstract ing hydrogen.") It appears that radical attacks on the sugar play a more important role in the degradation of irradiated DNA.28' In conclusion, we may outline that the relative amounts of radiolysis products released from DNA are different from those obtained in the irradiation of free cyto sine. This observation can be correlated with pyrimidine N-1 substitution and to the tertiary structure of DNA.
